The prevalence of kidney stone disease is increasing, and newer research is finding that stones are associated with several serious morbidities. These facts suggest that emphasis needs to be placed not only on stone treatment but also stone prevention. However, there is a relative dearth of information on dietary and medical therapies to treat and avoid nephrolithiasis. In addition, studies have shown that there are many misconceptions among both the general community and physicians about how stones should be managed. This article is meant to serve as a review of the current literature on dietary and drug therapies for stone prevention.
INTRODUCTION
The prevalence of urinary tract stone disease is increasing. According to the U.S. National Health and Nutrition Examination Survey (NHANES), as of 2012, 10.6% of men and 7.1% of women in the United States are affected by kidney stones, a 70% increase from the previous NHANES in 1994 that reported just 6.3% of men and 4.1% of women were affected. Furthermore, the 5-year recurrence rates of stone disease are as high as 30% to 50% [1] . The high rate of recurrence suggests that there are many misconceptions about how to prevent stone formation. Indeed, a recent study demonstrated that only 7% of patients with symptomatic nephrolithiasis and 17% of patients with recurrent episodes underwent a 24-hour urine metabolic evaluation to direct stone prevention measures. The purpose of this article was to explore the existing literature for recommendations on the dietary and medical management of nephrolithiasis, focusing primarily on calcium oxalate and uric acid stones (Table 1) .
DIETARY MANAGEMENT OF CALCIUM OXALATE STONES

Hydration
Several studies have shown that increasing fluid intake reduces the risk of stone formation [2, 3] . With low fluid intake, urine output is decreased and urine flow is slower, both of which increase the risk of stone formation. Current guidelines recommend drinking enough fluids to produce at least 2.5 L of urine daily [4] . Almost all beverages, including coffee, tea, wine, beer, and fruit juices, are acceptable. The only fluids that should be avoided are tomato, grapefruit, and cranberry juice, because tomato juice is high in sodium whereas grapefruit and cranberry juices are rich in oxalate. Soda consumption may play a role in stone formation. One study found that among patients who initially drank at least 160 mL/d of soft drinks, those who quit had a higher 3-year freedom from recurrence than did those who continued to drink soda. However, this only held true for patients who drank phosphoric acid-containing sodas, which consist primary of the colas, and not in patients who drank citric acid-containing sodas, which include most clear soft drinks [5] .
Citric acid
Consuming fruit juice prevents stone formation not only because it increases urine volume but also because it is high in potassium and citric acid. Citrate prevents stone formation by two mechanisms. First, it binds with urinary calcium, thereby reducing the supersaturation of urine. In addition, it binds calcium oxalate crystals and prevents crystal growth [6] . Hypocitraturia is one of the most common metabolic disturbances in patients with calcium stones and affects about 60% of these patients. Patients with low urinary citrate should be encouraged to increase their consumption of foods high in citric acid, such as lemon and lime juice. Consuming just 4 oz of lemon juice per day has been shown to significantly increase urine citrate levels without increasing oxalate levels [7] . Alternatives include melon juice and orange juice, both of which are rich sources of citrate [8] .
Urinary citrate excretion is determined by acid-base status. Higher acid loads facilitate renal citrate reabsorption, thereby reducing its excretion [9] . Foods that have a high acid load include meats, fish, poultry, cheese, and eggs. A high animal protein diet not only increases urinary calcium and uric acid concentration, but also decreases citrate levels and urinary pH. However, we do not a recommend a low-protein diet. Instead, we favor an adequate protein diet, consisting of 0.8 to 1 g of protein/kg. Plant protein is less likely to make the urine acidic than is animal protein and so is the preferred protein source.
Calcium
There is a common misconception that decreasing calcium intake will reduce the risk of calcium stone formation. In fact, studies have shown that low dietary calcium actually increases the risk of developing symptomatic kidney stones [3, 10, 11] . With low calcium intake, there is not enough calcium in the digestive tract to bind with oxalate, leading to increased oxalate absorption and urinary oxalate excretion. Dietary sources of calcium include dairy products; calcium-fortified foods such as orange juice, soy milk, tofu, and selected cereals; sardines with bones; and almonds.
Target calcium intake is 1,200 mg, which is the equivalent of four 8-oz glasses of milk. Dietary calcium is preferred to calcium supplementation because supplements may be associated with an increased risk of stone formation [10] . The reason has not been fully elucidated but is thought to be secondary to timing of supplement intake or excessive total calcium [12] . If patients require calcium supplements, calcium citrate should be utilized instead of calcium carbonate.
Patients should combine their calcium intake with a low-salt diet because sodium chloride leads to urinary calcium excretion [13] . For every 2,300 mg, or 1 teaspoon, of salt intake there is a 23-mg increase in urinary calcium [14] . A good rule of thumb is the "5" rule, which dictates that if the word salt or sodium is listed in the first five ingredients of a food label, that food should be avoided. Other salt-rich foods that should be avoided include pizza and canned soups.
Oxalate
Higher oxalate intake has been shown to increase urinary oxalate levels [15] . Although the data are conflicting, the general consensus is that higher urinary oxalate levels increase the risk of nephrolithiasis [4, 16] . However, we recommend limiting dietary oxalate only if the patient has hyperoxaluria, because many of the oxalate-rich foods are considered "heart-healthy." Together, spinach, potatoes, and nuts account for 44% of oxalate intake for the average American. The simplest way to minimize oxalate intake is to monitor consumption of these foods. In younger women, chocolate is a significant source of dietary oxalate intake and should be consumed sparingly [17] .
Vitamins
Vitamin C, at the super-dosages found in supplements, increases urine oxalate concentration because ascorbic acid is metabolized to oxalate. Vitamin B-6 (pyridoxine), on the other hand, may reduce urinary oxalate. Pyridoxine is a cofactor for alanine glyoxylate aminotransferase (AGT), which is the enzyme that catalyzes the conversion of glyoxylate to glycine. When there is a deficiency of AGT or low levels of pyridoxine, glyoxylate may be converted to oxalate. Studies have demonstrated an inverse association between vitamin B-6 intake and the risk of stone formation [18] and have provided evidence that combining dietary therapy with pyridoxine supplementation is effective in hyperoxaluric stone-forming patients [19] . The optimal dosage of supplemental vitamin B-6 has not been determined, but foods high in vitamin B-6 include bananas, avocados, soybeans, halibut, mangos, oatmeal, and fortified ready-to-eat cereal. When using supplemental pyridoxine, we recommend starting with 50 mg daily and titrating up to 200 mg or until a therapeutic response in urinary oxalate is observed.
Fish oil
The main source of polyunsaturated fats in Western diets is arachidonic acid (AA), an n-6 fatty acid present in vegetable oil and animal fats. n-6 Fatty acids have been implicated in stone formation. AA breakdown results in the formation of prostaglandins including prostaglandin E2 (PGE2). PGE2 causes hypercalciuria because it increases calcium absorption in the gut, decreases reabsorption in the renal tubules, and increases bone resorption [20] . Dietary eicosapentaenoic acid (EPA) is an n-3 fatty acid and the active ingredient of fish oil. EPA undergoes the same metabolic pathway as the n-6 fatty acids. Therefore, increasing EPA decreases n-6 fatty acid metabolites, in particular PGE2. Lower levels of PGE2 not only decrease urinary calcium excretion but also lead to the activation of the nephron Na/K/2Ca transporter, resulting in increased renal calcium reabsorption. Consuming 1,200 mg/d of fish oil has been associated with significant decreases in urinary calcium and oxalate concentrations and increases in urinary citrate concentration [21, 22] . Cold-water fish, including salmon, tuna, mackerel, and sardines; walnuts; flax seeds; and canola oil are rich sources of EPA.
MEDICAL MANAGEMENT OF CALCIUM STONES 1. Thiazide diuretics
Thiazide diuretics decrease sodium reabsorption by inhibiting the NaCl cotransporter in the distal convoluted tubule and increase calcium reabsorption by an unknown mechanism [23] . Several randomized controlled trials have investigated whether this hypocalciuric effect of thiazide diuretics reduces stone formation. An Agency for Healthcare Research and Quality (AHRQ) review analyzed 7 randomized controlled trails, which had a mean follow-up of 3 years, and found that taking thiazide diuretics led to a 29% absolute risk reduction in stone recurrence [24] . Therefore, thiazide diuretics are recommended in patients with hypercalciuria or recurrent calcium stones [4] . Hydrochlorothiazide (25 mg twice a day), chlorthalidone (24 mg/d), and indapamide (1.25 to 2.5 mg/d) have all been associated with reduced stone formation. The hypocalciuric effect of thiazide diuretics can be maximized by limiting dietary sodium. Sodium restriction also minimizes potassium losses that result from the use of thiazides. A risk of taking a thiazide diuretic is its effects on vertebral bone density. The incidence of vertebral fractures was found to be significantly increased in a group of patients from Rochester, Minnesota, who were treated with thiazides for an initial episode of symptomatic urolithiasis. Luckily, thiazide diuretics significantly increased the z-score for bone mineral density of L2-L4 vertebrae, the femoral neck, and the radial shaft [25] .
Potassium citrate
Prospective randomized controlled trials have shown that potassium citrate reduces the risk of stone formation in patients with recurrent calcium stones or with low urinary citrate. Potassium citrate therapy causes a significant increase in urinary citrate, pH, and potassium, leading to significantly less stone formation [26] . The effects on urinary pH and citrate have been shown to start in less than 12 months and to last for more than 3 years [27] . The AHRQ reviewed six randomized controlled trials and found that the composite risk reduction of taking calcium was 41% [24] .
Allopurinol
Allopurinol prevents the production of uric acid by acting as a competitive inhibitor of xanthine oxidase, the enzyme that converts xanthine into uric acid. A prospective randomized controlled trial found that allopurinol reduced the risk of recurrent calcium oxalate stones in patients with hyperuricosuria and normal urinary calcium. In patients with elevated uric acid blood or urine levels, the absolute risk reduction was 22% according to the AHRQ review [24] . Although the effectiveness of allopurinol treatment in patients without hyperuricosuria has not been established, hyperuricosuria is not a necessary prerequisite for allopurinol therapy.
MANAGEMENT OF URIC ACID STONES
Uric acid stones account for 15% of all kidney stones. Urinary uric acid is derived from endogenous sources, including de novo synthesis and catabolism of nucleic acids, and exogenous sources, which are dependent on the dietary intake of proteins. Animal protein increases urinary calcium and uric acid, decreases urinary citrate and pH, and increases bone resorption [9, 28] . Fish are particularly high in purines, secondary to their high protein levels, and should be avoided in patients with uric acid stones [29] . Other high-purine foods include organ meats, glandular tissue, gravies, and meat extracts. Because uric acid stones form in acidic environments, patients should increase their alkaline load by increasing their intake of fruits and vegetables. Plant proteins do not seem to acidify the urine as much as animal proteins and are therefore preferable. However, mushrooms, asparagus, green peas, and spinach should be avoided [4] . Patients with uric acid stones should also avoid high-fructose corn syrup, which has been associated with hyperuricemia and hyperuricosuria [30] .
The most common risk factor for uric acid stones is a decreased urinary pH. Therefore, first-line medical therapy for patients with uric acid stones is potassium citrate to increase urinary pH values, with a goal pH of 6 [4] . Allopurinol is an option for patients with high urinary acid levels (>900 mg/d) who have failed dietary treatment. These patients should be started on 100 mg/d and can be titrated up to 300 mg/d if needed. Allopurinol does not help dissolve current stones, but does help prevent the formation of new stones.
MANAGEMENT OF CYSTINE STONES
Cystine stones result from cystinuria, an autosomal recessive disorder that causes a defect in renal tubular re-absorption of dibasic amino acids. This defect, combined with the relative insolubility of cysteine at physiologic urine pH levels, leads to the formation of cystine stones [31] . The single most important intervention in patients with cystine stones is to increase cystine solubility by increasing fluid intake. Adults with stones should have a target urine output of at least 3 L daily and less than 200 mg of cystine/L of urine [32] . Sodium restriction is also crucial because sodium excretion promotes cystine excretion [33, 34] . In addition, limiting animal protein intake is usually recommended because meats are high in cysteine and methionine, which is metabolized into cysteine [35] .
Since the solubility of cystine in urine increases with increasing pH, the first-line medication for patients with cystinuria is potassium citrate, and the goal is a pH of 7.0 [4, 36] . If the urinary cystine concentration is greater than 500 mg/L, treatment with cystine-binding thiol drugs should be initiated [32] . Thiol drugs reduce the disulfide bond that connects the two cysteine molecules of cystine, and forms a cysteine-thiol compound, which is much more soluble than cystine. Three commonly used thiols are D-penicillamine, alpha-mercaptopropionylglycine, and tiopronin. Tiopronin is started at 200 mg twice a day and the dose is increased until there is less than 200 mg of cystine/L of urine. Tiopronin is usually the preferred thiol, because penicillamine has significant side effects, which include fever, arthralgia, leukopenia, and neuropathy. Tiopronin is more effective when urinary pH is greater than 7, so aggressive hydration is still crucial.
MANAGEMENT OF STRUVITE STONES
Struvite stones are caused by an infection of the urinary tract with urease-producing organisms, such as Pseudomonas, Klebsiella, Proteus, Staphylococcus, and Escherichia coli species. There is no role for dietary therapy in the management of struvite stones. Treatment is primarily surgical. If surgical options have been exhausted, patients can be medically managed with acetohydroxamic acid (AHA), 250 mg three times a day. In randomized controlled trials, AHA inhibited the growth of struvite stones [37, 38] . However, patients undergoing AHA therapy have to be monitored carefully for the serious side effects of treatment, including phlebitis and hypercoagulable phenomena [39] .
CONCLUSIONS
By combining dietary and medical therapy for stone prevention, one can significantly decrease the risk of stone recurrence and improve quality of life. Patient-centered therapy based on 24-hour urine evaluations of stone risk profiles is recommended.
